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Inhibition of copper corrosion by mangrove tannin has been investigated in aqueous 0.5 M
hydrochloric acid solution using weight loss method, potentiodynamic polarization, electrochemical
impedance spectroscopy (EIS), scanning electron microscopy (SEM) along with energy dispersive
(EDX), atomic absorption spectroscopy (AAS) and ion chromatography (IC). Inhibition efficiency of
82 % was achieved with the addition of 3.0 g L* mangrove tannin from potentiodynamic polarisation
measurements. Potentiodynamic curves showed that the presence of mangrove tannin in 0.5 M
hydrochloric acid solution predominantly affected the cathodic process, decreased the corrosion
current density and shifted the corrosion potential towards more negative values. Results obtained
from the gravimetric (weight loss), potentiodynamic polarisation and impedance measurements
showed similar trends of inhibition efficiency. AAS and IC analysis results showed that the
concentrations of copper (II) ions and chloride ions in the electrolyte solutions decreased and
increased, respectively, after the corrosion process, when the concentrations of mangrove tannin
increased. Adsorption of mangrove tannin on the copper surface in 0.5 M hydrochloric acid solution
fitted well with the Langmuir adsorption isotherm model. A change of morphology was observed after
the addition of mangrove tannin as shown from SEM analysis.

Keywords: Copper, Corrosion, Inhibitor, Electrochemical impedance spectroscopy (EIS),
Electrochemistry

1. INTRODUCTION

An excellent thermal conductivity, good corrosion resistance and mechanical workability are
physical properties for copper that explain the wide applications of copper and its alloys in different
industries. However, most of the industrial processes lead to corrosion problems. Copper generally
corrodes when it is exposed to ammonia, oxygen, or fluids with high sulfur content. Another source of
copper corrosion is the presence of anions in the environment such as chlorides, sulfates, and
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bicarbonates. In industries, hydrochloric acid is extensively used for acid pickling, acid cleaning and
removal of rust and acid de-scaling processes [1]. Consequently, the control of the corrosion processes
under the influence of acidic condition and the presence of chloride ions are important subjects worthy
of intensive investigations.

One of the most important and practical methods in the corrosion protection of metals is the use
of organic inhibitors to protect the metal surface from the corrosion environment, especially in
aggressive media [1, 2]. Generally organic compounds containing heteroatoms such as oxygen,
nitrogen or sulphur, behaves fairly well as a corrosion inhibitor in acidic media [3]. The strength of the
coordination bonds of heteroatom (O < N < S < P) parallels its efficiency as corrosion inhibitors.

Due to the currently imposed environmental requirements for eco-friendly corrosion inhibitors,
there is a growing interest in the use of natural products such as leaves, seeds or bark extracts. Some
papers have reported the use of natural products in the development of effective green corrosion
inhibitors for different metals in various environments [4-22]. Tannins are a class of non-toxic
biodegradable organic compounds. They are polyphenols of vegetal origin extracted usually from the
bark of trees such as the quebracho, mimosa, chestnut and mangrove. The basic components of tannins
are sugars, gallic acid, ellagic acid, and flavanoids [12]. These compounds are subdivided into
condensed and hydrolysable tannins [23]. Mangrove is of the condensed type that are also known as
proanthocyanidins (PAs), consisting of mainly polymers of flavanoids [24]. Previous research reported
that vegetal tannin extracted from Takaot galls (Tamarix articulata) can be used as anodic inhibitors
for copper corrosion [12]. It has also been found that mangrove, mimosa and quebracho tannins are
very good inhibitors for mild steel corrosion [25, 26]. Due to the vicinity of the hydroxyl groups on the
aromatic rings, tannins are able to form chelates with metallic cations and it is very important for anti-
corrosion activities, because ‘site-specific scavenging’ may occur [27]. Hence, the tannins extract is
expected to have excellent ability for inhibitory action through oxygen active centres. In this study, the
potential of mangrove tannin extracted from the bark, a waste product of the charcoal industry as
copper corrosion inhibitors in 0.5 M hydrochloric acid were investigated.

2. EXPERIMENTAL

2.1 Extraction of tannins

Mangrove bark samples, which were obtained from Matang Forest, Malaysia, were ground and
25 g of the powder was extracted by total immersion in 500 mL of 70 % aqueous acetone for 72 h at
room temperature (30 °C). The extracts were evapourated using rotary evapourator at 40 °C to remove
the acetone and finally the residue was freeze-dried to produce the mangrove tannin (MT) [26].

2.2 Gravimetric methods

The copper specimens of size 10 mm x 10 mm x 0.3 mm for weight loss measurements were
polished using different grades of abrasive paper from 400 up to 1000, washed with distilled water,
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degreased with acetone and dried before immersing into the test solution. The experiment was carried
out in a test tube containing 10 mL test solution. After 24 h of immersion in 0.5 M hydrochloric acid
solution with and without the addition of MT at different concentrations, the specimen was withdrawn,
rinsed with distilled water, washed with acetone, dried and weighed. Three measurements were
performed in each case. The percentage of inhibition efficiency (IE) was calculated as follows:

IE :(1—W“)jx100 (1)

Where, W, - weight loss of copper without inhibitor and W; . weight loss of copper with
inhibitor.

2.3 Electrochemical measurements

A conventional three-electrode cell, employing a copper disc (99.9% pure) as working
electrode (WE), platinum as counter electrode, and saturated calomel electrode as reference electrode
(SCE) were used for measurements. The WE was polished using different grades of abrasive paper
ranging from 400 to 1000, washed with distilled water, degreased with acetone and finally thoroughly
rinsed with distilled water before immersing into the test solution with an exposed area of 3.142 cm?,
The measurements were performed in 0.5 M hydrochloric acid solution with and without the addition
of different inhibitor concentrations in an aerated environment. The polarisation curves were recorded
by using Voltalab 21 model PGP201 potentiostat-galvanostat, equipped with VVoltaMaster 4 software
for data analysis. The working electrode was immersed into the test solution for 15 min to establish a
steady state open circuit potential (Ecrr). The potentiodynamic polarisation experiments were
conducted at a scan rate of 1 mV s™ in the potential range £300 mV relative to corrosion potential
(Ecorr)- The percentage of inhibition efficiency (IE) was calculated from the I, values by:

IE = (1 - '°°”“)J %100 )

|corr(0)

Where, lcorry and leorre) are the inhibited and uninhibited corrosion current densities,
respectively. The I was obtained by extrapolating the anodic and cathodic curves of the Tafel plot
towards Ecorr.

For all electrochemical impedance spectroscopy (EIS), the measurements were carried out
using Gamry Reference 600. The excitation amplitude of 10 mV peak-to-peak in the frequency range
from 0.05 Hz to 100 kHz, at 30 min open circuit potential, was used. The percentage of inhibition
efficiency, IE, was calculated from the R values by:

IE = (1 - R“‘“’)) =100 3)
Retiy
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Where, Rcy() is the charge transfer resistance of the metal in inhibitor free solution and Rcygy is
its value in the presence of the inhibitor.

2.4 Scanning electron microscopy (SEM) analysis

Surface analysis was conducted on the copper substrate from the electrochemical experiments.
After the weight loss method, copper substrates in the presence and the absence of MT in 0.5 M
hydrochloric acid were cleaned, slowly rinsed with distilled water and dried. The analysis was
performed using SEM LEO SUPRA 50VP.

2.5 Adsorption atomic spectroscopy (AAS) analysis

Atomic adsorption analysis was conducted by using atomic adsorption spectrometer model
AAnalyst 200 Perkin Elmer to determine the concentration of copper(ll) ions in 0.5 M hydrochloric
acid after gravimetric and potentiodynamic measurements. The calibration curve of copper(ll) ions
was constructed drawn before analysing the electrolyte solution. All samples containing copper ions
were diluted with ultra pure water to ensure that the concentration of metal ions are within the range of
the calibration curve.

2.6 lon chromatography (1C) analysis

lon chromatography analysis has been carried out to determine the concentration of chloride
ions in 0.5 M hydrochloric acid solution after gravimetric and potentiodynamic tests. The analysis was
performed using ion chromatography Metrohm 792 Basic IC equipped with a capillary column
Metrosep Asupp 5-150 (size 4.0 x 150 mm) with capacity of 5.0 um particle size. Flow rate was set at
0.7 mL min™ with a temperature of 20.0 ° C and pressure of 7.1 MPa. All samples containing chloride
were diluted with ultra pure water to reduce the concentration of chloride ions. The sample solutions
were injected into the colums using a syringe equipped with a 0.45 um filter.

3. RESULTS AND DISCUSSION

3.1 Gravimetric methods

Figure 1 shows the graph of % IE in the addition of MT. The graph shows a sharp increment of
% IE from 0.1 to 1.0 g L™ MT followed by a gradual increase from 1.0 to 3.0 g L™ MT. The IE in the
presence of MT increased up to 72.8 % at 3 g L™*. Corrosion rates (Reorr) Of copper were calculated by
considering the total area of sample and immersion times, which is expressed in mg cm™h™. The data
from Table 1 reveals that R OF copper in 0.5 M hydrochloric acid is 30.2 x 10% mg cm™ h™* and
subsequently decreased to 8.2 x 102 mg cm™ h™* with the addition of MT.
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Figure 1. Graph of IE obtained from weight loss measurements in the presence of MT in 0.5 M
hydrochloric acid

Table 1. Inhibition efficiency for various concentrations of MT for the corrosion of copper in 0.5 M
hydrochloric acid obtained from weight loss measurements

Concentration (g L™) Reorr (Mgcm?h™) x 107 1E (%)
0.5 M hydrochloric acid 30.2 -

MT

0.1 28.7 5.0
1.0 12.3 59.3
2.0 114 62.3
3.0 8.2 72.8

3.2 Electrochemical measurements

3.2.1 Potentiodynamic polarisation measurements

Figure 2 illustrates the anodic and cathodic polarisation curves of copper in the absence and the
presence MT in 0.5 M hydrochloric acid solution. The mechanism of anodic dissolution of copper in
acidic solution is as follows [28]:

Cu+ClI" & CuCl, +e” (4)

CuCl 4 +ClI" <> CuCl; +e- (5)
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The cathodic corrosion reaction in an aerated acidic solution is:
4H" +0O, +4e” <> 2H,0 (6)

The polarisation curve for copper in chloride media shows the passive transition region (A) that
Is attributed to the formation of a CuCl film arising from the lateral growth and thickening of CuCl
nuclei [2]. In addition, the corrosion potentials of the polarisation curves are shifted towards more
negative potentials in the presence of MT due to the decrease in the rate of the cathodic reaction. It was
also observed that the presence of MT predominantly affected the cathodic parts of the curves (Figure
2). Since the transfer of oxygen from the bulk solution to the copper/solution interface will strongly
affect the rate of oxygen reduction according to the reaction of equation (6), it can be inferred that the
adsorbed layer behaves as a cathodic inhibitor to copper corrosion by retarding the O, diffusion to the
cathodic sites of the copper surface. This indicates that MT cathodically inhibits the corrosion process
of the copper, and the ability of MT as corrosion inhibitors are enhanced as the concentrations are
increased.

Table 2 represents the values of Ecorr, lcorr and IE obtained from Figure 2. From this Table, it is
clear that the presence of MT decreased the lcr values. The decrease in ler vValue by increasing
tannins concentration is probably due to the decreases in the aggressive ions (CI") attack on the copper
surface due to the adsorption of the inhibitor molecules as confirmed by the SEM-EDX analysis.

_2 .
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) — 20gL'MT
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Figure 2. Potentiodynamic curves of copper containing different concentrations of MT in 0.5 M
hydrochloric acid
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Table 2. Corrosion parameters obtained from the Tafel analysis of the polarisation curves.

Concentration
Ecorr

(mV) (DA cm2)
Blank 0.5 M hydrochloric acid  -196.5 26.1 -
01gL" -1936 220 15.7
1.0gL™ 2191 7.7 70.5
20gL™ -217.7 6.6 74.7
30gL* 2146 4.6 82.4

3.2.2 Electrochemical impedance spectroscopy (EIS)

2146

EIS measurements were carried out to determine the kinetic parameters for electron transfer
reactions at the copper/electrolyte interface and simultaneously about the surface properties of the
investigated system and the shape of the impedance diagram will provide mechanistic information.
The Nyquist impedance plots obtained for copper electrode in the absence and presence of MT in 0.5

M hydrochloric acid solution are shown in Figure

3.
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Figure 3. Nyquist plots for copper in 0.5 M hydrochloric acid in the absence and presence of different

concentrations of MT

The Nyquist plots show a depressed semicircular with their centers below the real axis. This
phenomenon that is known as the frequency dispersion effect is typical for solid metal electrodes [29].
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The similar electrochemical behavior between uninhibited and inhibited solution suggests that both
conditions have an active corrosion phenomenon under acid environments. The impedance data points
of the copper electrode in the presence of different inhibitor concentrations were analyzed using the
equivalent circuit shown in Figure 4. This equivalent circuit which has been previously reported [29],
fitted well with our experimental results. The calculated equivalent circuit consists of the ohmic
resistances of the corrosion product films and the solution enclosed between the working electrode and
the reference electrode, R, the charge-transfer resistance represented by R, where the values signify
the electron transfer across the surface and is inversely proportional to corrosion rate. The constant
phase element (CPE) is substituted for the capacitive element to give a more accurate fit [30]. The
calculated equivalent circuit parameters for Cu in acidic chloride solutions containing different
concentrations of both tannins are presented in Table 3. The CPE is a special element whose
admittance value is a function of angular frequency (®), and the phase is independent of the frequency.
The admittance and impedance are, respectively, expressed as:

Yepe =Yo(jo)" ()

and
Zere = (Yij (Gor” )

where the Yo is the magnitude of the CPE, j is the imaginary number (j°> = -1), o is the phase
angle of the CPE and n = «/(7/2). Values of a are usually related to the roughness of the electrode
surface. The smaller the value of a, the higher the surface roughness [30, 31]. The first CPEy, with its
n; close to 1.0 represent double layer capacitors with porous structures on the surface. The second
CPE.gs, With its n, around 0.50, reveals the presence of a diffusion process at the interfacial layer [29]
and also suggests that the adsorbed tannin layer on the copper surface blocks the mass transport of the
aggressive ion (CI") onto the copper surface and acts like a resistor [32]. The % IE values increased
upon addition of MT and the effect is enhanced when the tannin concentrations are increased (Table
3), which is in good agreement with results obtained by the weight loss and potentiodynamic
polarisation methods (Table 1 and 2). Maximum % IE of 87.6 % was obtained for MT.

— CPE,,

Figure 4. The electrochemical equivalent circuit used to fit the impedance spectra
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Table 3. Values of the elements of equivalent circuit in Figure 4 required for fitting the EIS for copper
in 0.5 M hydrochloric acid in the presence of MT.

0.5 M 5.56 0.115 15.8 0.82 0.59 3.38 049 -
hydrochloric

acid

MT

0.1gL-1 6.44 0.22 934 0.84 0.70 231 052 47.2
1.0gL-1 6.06 0.31 15.2 1.00 0.73 1.71 056 62.8
20gL-1 5.05 0.70 41.7 091 057 1.09 0.62 833
3.0gL-1 5.57 0.93 66.8 087 0.73 1.33 059 87.6

3.3 The adsorption isotherm

Since the potentiodynamic and EIS measurements show a positive correlation between the
concentration of MT and the inhibition efficiency of copper in 0.5 M hydrochloric acid solution, the
adsorption behaviour of MT on the metal surface was studied to explain the nature of metal inhibitor
interactions [19]. The adsorption process that is directly related to IE and the surface coverage, (8)
was calculated using the equation below [33]:

IE
=— 9
100 ®)
The Frumkin, Temkin and Langmuir adsorption isotherm models were tested by fitting the data
from both methods. The additions of MT in 0.5 M hydrochloric acid were found to obey the Langmuir
adsorption isotherm model according to the following equation:

0
—— =KC 10
o (10)

Where, C is the concentration of the inhibitor, & is the degree of surface coverage and K is the
adsorption equilibrium constant. The Langmuir adsorption isotherm is rearranged and the following
equation is obtained:

| O

1
=—+C 11
" (11)

The K value is related to the Gibbs free energy of adsorption, AG°.s, according to the
following equation:
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1 - AG,,°
K = e ads
C P ( RT j

solvent

(12)

Where, R is gas constant (8.314 J KX mol™), T is absolute temperature (room temperature 303
K) , 4G°44s Is Gibbs free energy of adsorption and Csvent IS the concentration of water that is equal to
999 g L™,

RZ=0.9829

C

+ Potentiodynamic method

B EIS method

Figure 5. Langmuir isotherm adsorption model for copper with the addition of MT in 0.5 M
hydrochloric acid from the potentiodynamic and EIS methods

The plots of C/0 versus Cin, (Figure 5) containing MT show linear lines with intercepts of K™
and correlation coefficients, R? of 0.9955 and 0.9829 were obtained for the potentiodynamic and EIS
methods, respectively. The values of AG®,gs at 303 K were obtained as -19.25 kJ mol™? and -20.71 kJ
mol™ for the potentiodynamic and EIS methods, respectively. The linearity of the graphs confirms that
the adsorption of MT follow the Langmuir isotherm model. This adsorption isotherm describes that the
tannins molecules are adsorbed as a monolayer and there are no interactions with other molecules. The
AGP4gs values (less than -40 kJmol™) obtained signify a weak spontaneous adsorption (physisorption)
[34]. Hence, the tannins are physisorbed through electrostatic interactions between the inhibitor
molecules and the metal surface.

3.4 SEM and EDX Studies

In order to have a better understanding of the corrosion phenomena on the copper surface, SEM
analysis was carried out. The surface morphology of the copper substrate in the absence and presence
of MT is shown in Figure 6 (a) and 7 (a). From Figure 6 (), it was observed that the surface was very
rough and severely damaged in the absence of inhibitor while in Figure 7 (a), the surface is
transformed into smoother, more uniform deposits upon addition of MT. This is consistent with the
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higher n; values obtained (Table 3) as compared to the blank solution. The EDX analysis of the surface
in inhibitor-free solution shown in Figure 6 (b) indicated the presence of copper and chloride signals
only, while the addition of MT (Figure 7 (b)) showed the presence of carbon and oxygen along with
the reduction of the chloride signal. This is possibly due to the adsorption of tannin molecules via
oxygen active centres of the flavanoid monomers of tannin on the metal surface [27,35]. In addition,
the less porous property of the tannin covered surface as shown by the higher n, values (Table 3)
resulted in less penetration of the chloride ions onto the metal surface.

<
a
a 2 L_A_‘__cw /L cu
T T T T T ; ; T :

0 1 2 3
Full Scale 9488 cis Cursar: 10156 keV (15 cts) kel

AREA]

B
Figure 7. (a) SEM micrograph and (b) EDX spectra of copper electrode in 0.5 M HCI in the presence

of MT

3.5 Electrolyte solutions analysis

3.5.1 AAS analysis

The aim of this analysis is to determine the effect of MT concentrations on the diffusion of
copper(ll) ions into the electrolyte solution after gravimetric and potentiodynamic measurements.
Figure 8, shows the graphs of the concentrations of copper(ll) ions with increase in the concentration
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of MT after gravimetric and potentiodynamic tests. Both graphs show the same trend. It was found that
the concentrations of copper(ll) ions decreased when the MT concentrations increased. Furthermore,
the concentrations of copper(ll) ions in electrolyte obtained from gravimetric test was found to be
higher than the potetiodynamic measurement because of the different in immersion time of copper
plate into the electrolyte solution. Generally corrosion process at the interface can be devided into two
steps: (i) the oxidation of the metal (charge transfer process), and (ii) the diffusion of the metal ions
from the metal surface into the electrolyte solution (mass transport process) [21]. This can thus explain
the downward trend of concentrations of copper(ll) ions as the MT concentrations increased. Based on
this trend it can be proposed that the MT was adsorbed onto the electrode surface that resulted in the
resistance of copper ions to diffuse into the electrolyte solution.

2
&
o g

—— After gravimetric test

—&— After potentiodynamic
measurement

E

(S}
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I

Concentration Cu 2 1ons, mg L-!

>

>

(F8]

Concentration MT, é L1

Figure 8. Graphs of the concentrations of copper(ll) ions in 0.5 M hydrochloric acid after
potentiodynamic and gravimetric measurements

3.5.2 IC analysis

IC analysis has been used to determine the effect of the presence of MT on the chloride
concentration in the electrolyte solution after gravimetric and potentiodynamic measurements. In the
blank solution (without MT), it was observed that the chloride concentration in the electrolyte after the
corrosion process was low, this phenomenon is due to the adsorption of chloride ions onto the copper
surface. Figure 9, shows the graphs of the chloride concentration with the increase of MT
concentrations after gravimetric and potentiodynamic measurements. Both graphs show similar
increase of chloride concentration with the increase in MT concentration. This observation indicated
that the presence of MT increased the concentrations of chloride in the electrolyte solution by
replacing the adsorbed chloride on the copper surface since the MT constituents may be adsorbed as
protonated species and/or as molecular species (non-protonated). Even though the chloride present in
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the blank solution have the tendency to be specifically adsorbed on the metal surface, they may also
facilitate the adsorption of protonated inhibitor species by forming intermediate bridges between the
metal surface and the inhibitor [36]. From the IC analysis, it also can be proposed that the presence of
MT molecules in the solution may indirectly act as a physical barrier or act as a competitor to chloride
to be adsorbed onto the copper surface. This is also supported by the results of EDX analysis as shown
in Figure 7 (b), where the intensity of the chloride atom signals decreased in the presence of MT.

14200 -

13700 -

—+—Potentiodynamic
measurement

13200 —8—Gravunetric

method

Concentration CI', mg L!

0 1 2 3

Concentration MT, g L*!

Figure 9. Graphs of the chloride concentration in 0.5 M hydrochloric acid after potentiodynamic and
gravimetric measurements

4. CONCLUSIONS

Mangrove tannins behaved predominantly as cathodic inhibitors for copper corrosion in 0.5 M
hydrochloric acid due to oxygen active centre properties. The inhibition efficiency obtained via
electrochemical measurements is in good agreement with that obtained by using the weight loss
method. SEM studies show a surface transformation upon addition of mangrove tannin. The adsorption
behaviour of mangrove tannin best fitted the Langmuir adsorption isotherm. The electrolyte analysis
using AAS and IC show that the presence of MT reduced the diffusion of copper(ll) ions and increased
the chloride ions concentrations in the electrolyte solution after the corrosion process, respectively.
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